Various lines of evidence suggest that very massive stars experience extreme mass-loss episodes shortly before they explode as a supernova.
10
−2 M ⊙ at typical velocities of 2000 km s −1 . We show that the temporal proximity of the mass-loss outburst and the supernova explosion implies a causal connection between them. Moreover, we find that the outburst luminosity and velocity are consistent with the predictions of the wave-driven pulsation model [6] , and disfavour alternative suggestions [7] .
Type IIn supernovae (SNe IIn) are a diverse class of transient events, spectroscopically defined by narrow and/or intermediate-width hydrogen emission lines, up to a few thousand km s −1 in width. [8−10] These emission lines likely originate from optically thin circumstellar matter excited by the SN shock and/or radiation field. The spectra and light curves of these SNe are interpreted as signatures of interaction between the SN ejecta and mass that has been expelled prior to the explosion. [11−13] The best case in which the progenitor of a SN IIn has been detected prior to the SN explosion [3] was likely a luminous blue variable (LBV) -a class of objects which are known for their vigorous eruptive mass-loss events [14] .
Very recently, a massive star in the nearby galaxy NGC 7259, SN 2009ip, had a series of outbursts [15−17] with a typical velocity of about 500 km s −1 , possibly followed by an ongoing supernova event [18−19] exhibiting P-Cygni lines with velocities of ∼ 10 4 km s −1 . Another possibly related event is SN 2006jc that is further discussed in SI §7.
The Palomar Transient Factory Spectra of the supernova, showing a blue continuum with Balmer emission lines, are presented in Figure 2 . The continuum becomes redder with time, and its slope corresponds to an effective temperature of over 16,000 K at day five and drops to about 8,000 K at day 27. The Hα line has an initial width of ∼ 3×10 3 km s −1 at day 6, decreasing to ∼ 10 3 km s −1 at day 14. A broad (10 4 km s −1 ) P-Cygni profile emerges by day 27. The spectra also show He I lines with decreasing strength, presumably due to the drop in temperature.
The nature of the precursor bump is very intriguing and can potentially tell us a great deal about the SN explosion and the progenitor. The only interpretation that is fully consistent with the photometric and spectroscopic evidence is that the first bump represents an outburst from the SN progenitor about one month prior to explosion, while the brighter bump is initiated by a full explosion of the star a few weeks later. Below we analyse this model in the context of the photometric and spectroscopic data. In SI §6 we discuss some alternative models and conclude that they are unlikely.
The mass ejected by the precursor burst can be estimated in various independent ways.
By requiring that the precursor integrated bolometric luminosity, E bol,prec , is lower than the kinetic energy of the precursor outburst (moving at velocity v prec ) which powers it, we can set a lower limit on the mass ejected in the precursor outburst
The outburst velocity is estimated from the line widths of 1000-3000 km s −1 , seen in the early-time spectra of the SN. As this mass was presumably ejected over a period of about one month (i.e., the outburst duration), the annual mass-loss rate is about 10 times higher. A similar order of magnitude argument can be used to put an upper limit on the mass in the precursor outburst. If some of the SN bolometric energy, E bol,SN , is due to interaction between the SN ejecta, moving at v SN , and the precursor shell, and assuming high efficiency of conversion of the kinetic energy to luminosity, then
Another method to estimate the mass in the ejecta is based on the Hα emission-line luminosity and the radius of the photosphere, which is determined from a black-body fit to the spectra (SI Fig. 2 ). This method, derived in SI §2, suggests a mass-loss rate of
, or a total ejected mass of > ∼ 10 −2 M ⊙ , if we assume a month-long outburst with a mean wind velocity of 2000 km s −1 .
Another independent method for estimating the mass in the CSM is based on the rise time of the supernova. Since photons diffuse through material between the SN and the observer, the SN rise time gives us an upper limit on the diffusion time scale and therefore the total intervening mass. Since the SN rise time was about one week, this argument suggests that if the shell is spherically symmetric its total mass cannot exceed about 0.4 M ⊙ (see SI §5). Therefore, the kinetic-energy arguments, the Hα luminosity, the diffusion time scale, and the X-ray limits (see SI §3) are consistent with each other and indicate that the total mass lost during the outburst is of order ∼ 10 −2 M ⊙ .
Our model for the sequence of events is presented in Figure 3 . In a nutshell, this model suggests that the precursor outburst ejected ∼ 10 −2 M ⊙ at a velocity of 2000 km s −1 about one month prior to the SN explosion. Shortly after the SN explosion, this ejected material was engulfed by the SN ejecta. At later times, after the optical depth decreases, we start seeing indications for the high velocity of the SN ejecta. We discuss some less likely alternative models in the SI §6.
A surprising result is the short time between the outburst and the explosion, which is a tiny fraction (∼ 10 −8 ) of the lifetime of a massive star. Even if massive stars have multiple mass-loss episodes (with mass loss > ∼ 10 −2 M ⊙ ) during their lifetime, the number of such episodes cannot exceed ∼ 5000; otherwise, it will exceed a typical stellar mass. A conservative estimate shows that so far it might be possible to detect such an outburst in a sample of up to about 20 nearby SNe IIn, which have deep pre-explosion observations (see SI §7). Therefore, the probability of observing a random burst one month prior to the explosion is 0.1%. We conclude that such outbursts are either causally related to, or at least two orders of magnitude more common before, the final stellar explosion.
When considering where such an eruption could originate, one is led to the stellar core, as the binding energy it can liberate by contraction and nuclear reactions is sufficiently large. Because the actual luminosity is most likely neutrino-dominated, the KelvinHelmholtz time scale for this contraction can be short enough to explain the precursor's rapid rise in luminosity. However, the energy liberated at the core must reach the envelope, and it therefore requires a fast and efficient mechanism [6] . There are several proposed mechanisms that predict high mass-loss rates prior to the final stellar explosion. Recently, it was suggested [6] that in some massive stars the super-Eddington fusion luminosities, shortly prior to core collapse, can drive convective motions that in turn excite gravity waves that propagate toward the stellar surface. The dissipation of these waves can unbind up to several solar masses of the stellar envelope. Alternatively, it was suggested [7] that the mass loss is driven by a common-envelope phase [25] due to the inspiral of a neutron star into a giant companion core (a so-called Thorne-Żytkow object), unbinding the companion envelope and setting up accretion onto the neutron star that collapses into a black hole and triggers a SN explosion shortly thereafter. This model, however, predicts an outflow velocity that is considerably lower than the one observed in the precursor of SN 2010mc, and is therefore disfavoured. Another possible mechanism is the pulsational pair instability SN [26] . However, current models predict that the mass ejected in these events will likely be much larger than the 10 −2 M ⊙ seen in SN 2010mc for the observed 40
day delay between the two last explosions.
[5], [27] The velocity and energetics of the precursor of SN 2010mc are consistent with the predictions of the wave-driven outburst mechanism [6] . However, a more detailed theoretical investigation is required in order to test that this model is consistent with all the observational evidence. Moreover, in SI §8, given the observed precursor luminosity, we theoretically derive the mass loss to be ∼ 0.05 M ⊙ , in excellent agreement with our mass-loss estimates. Furthermore, we note that the velocity of the precursor ejecta is higher than predicted by other models. [7] Finally, we note that the mass-loss velocity in SN 2010mc
is considerably higher than the one observed in SN 2009ip, [18] although the mass-loss rate was similar.
[28]
Received 13 February 2013; Accepted draft. (Table 3 ). All the photometric and spectroscopic data are available via the WISeREP website [29] . The dashed line shows the expected luminosity from the radioactive decay of an ejected mass of 0.1 M ⊙ of Ni 56 . Assuming that at late times the optical depth is sufficiently large to convert the radioactive energy to optical luminosity, but not too large so it will go into P dV work, this line represents an upper limit on the total amount of Ni 56 in the ejecta; it was set to coincide with the latest observation of the SN at JD ≈ 2,455,758 (see Table 3 ). The dotted line represents a bolometric luminosity equal to 50 times the Eddington luminosity for a 50 M ⊙ star (order of magnitude estimate of the mass of the progenitor assuming it is a massive star). The right edges of the "S" symbols above the light curve indicate the epochs at which we obtained spectra (see Fig. 2 ).
A full version of this light curve, including the late-time observations, is shown in the SI. Further inspection of the images generated by the automatic image-subtraction pipeline revealed that the object was detected even on Aug. 20.22 (i.e., the discovery date).
We reanalysed the images using a careful image-subtraction pipeline. The improved reduction clearly shows a variable source at the location of the SN prior to the discovery date. Table 1 In addition, we obtained spectra of SN 2010mc on four epochs, as listed in Table 2 and presented in Figure 2 of the main paper and SI Figure 5 . In order to measure the line fluxes in a consistent way, we first calibrated the flux of each spectrum such that the synthetic R PTF magnitude derived from the spectrum was identical to the R PTF magnitude, interpolated to the epoch of each spectrum, from the PTF magnitudes listed in Table 1 .
All of the spectra are available online from the WISeREP website * (Yaron & Gal-Yam 2012). Each spectrum was smoothed using a median filter and a black-body curve was fitted. The derived effective temperatures and radii are presented in SI Figure 6 .
The X-ray observations of PTF 10tel are presented and discussed in Section 3.
Derivation of mass loss as a function of the Hα line luminosity
Here we derive a relation between the mass in the circumstellar matter (CSM), the Hα emission-line luminosity L Hα , and the radius r. We assume that the CSM has a winddensity profile of the form ρ = Kr −2 , where K ≡Ṁ /(4πv w ),Ṁ is the mass-loss rate, and v w is the wind/outburst velocity. In this case the particle density profile is given by (e.g., where µ p is the mean number of nucleons per particle (mean molecular weight). For our order-of-magnitude calculation, we adopt µ p = 0.6. Assuming the SN radiation field can ionise all of the hydrogen in the CSM, the mass of the hydrogen generating the Hα line is
Here 
where the last step assumes that r 0 ≪ r. By substituting Equation 1 into Equation 2 and setting it equal to Equation 3, we can get a relation between the mass-loading parameter K, the Hα luminosity, and the radius: 
The reason for the inequality is that in practice, it is possible that not all of the hydrogen is ionised or that the temperature of the gas is too high (i.e., α eff Hα depends on temperature). Assuming the outburst ejected material with a velocity of 2000 km s −1 at day −37, then at the time the first spectrum was taken (day 6), the ejecta radius is r ≈ 7 × 10 14 cm.
This radius is consistent with the one derived from the black-body fit to the spectrum at the first epoch (see SI Figure 6 ). Using the measured flux of the Hα broad component at day 6 (9 × 10 −15 erg cm −2 s −1 ; Table 2 ), the luminosity of the Hα broad component is We note that this derivation assumes that the narrow lines are due to the interaction of the CSM with the SN radiation field. One caveat, is that it is possible that some, or all, Table 3 . Swift-XRT observations of SN 2010mc (PTF 10tel).
of the line flux originates from a shock interaction or from a slow moving ejecta. However, the order of magnitude consistency between this mass-loss estimate and other mass-loss estimators suggest that such an effect is not significant.
X-ray observations
The Swift-XRT observations of SN 2010mc (PTF 10tel) in the 0.2-10 keV band are listed in Table 3 . For each Swift-XRT image of the SN, we extracted the number of X-ray counts in the 0.2-10 keV band within an aperture of 7.2 ′′ (3 pixels) radius centred on the SN position. We chose a small aperture in order to minimise any host-galaxy contamination. we get 
where E X is the X-ray energy.
If we ignore the Thomson optical depth (i.e., τ = 0), and if we assume a flat spectrum (i.e., constant number of photons per unit energy) and the Swift-XRT spectral response, from Equations 6 and 7 we find that the mass-loss rate is either smaller than about 0.1 M ⊙ yr −1 or larger than about 1 M ⊙ yr −1 . The low bound ofṀ < ∼ 0.1 M ⊙ yr −1 is consistent with the other mass-loss estimates.
Radio observations
We observed SN 2010mc (PTF 10tel) with the Jansky Very Large Array (JVLA † ) on 2012
Sep. 10, about two years after the SN discovery. The observation was undertaken in the K band (21.8 GHz). We used J1727+4530 for phase calibration and 3C 286 for flux calibration. The data were reduced using the AIPS software. We did not detect SN 2010mc
with an upper limit of 0.2 mJy (3σ).
are roughly consistent (to within 30%) with an explosion time at day 0, and are less consistent with explosion at day −37 day relative to discovery. A caveat in this statement is that the photospheric radius which controls the black-body temperature of the continuum is not necessarily at the same position where the P-Cygni absorption is generated. the precursor event and the explosion is about two years (rather than one month), rendering the argument a factor ∼ 20 weaker than in the case of PTF 10tel.
8 The probability of detecting a precursor outburst prior to the explosion
The specific precursor event reported in this paper was found as a part of a search for outbursts among type-IIn SN in PTF data. The sample we used included only four nearby type-IIn SNe with good pre-explosion coverage. Nevertheless, in estimating the probability of detecting a precursor prior to the explosion we assumed a sample size of 20 (five times higher than our actual sample size), accounting for other samples in which outburst events could have been detected (see details below). This sample size thus facilitates a conservative rate estimate.
Thus far the brightest precursor outbursts (e.g., PTF 10tel) have an absolute magnitude of about −16. Using previous-generation transient surveys, such bursts can be detected up to a distance of ∼ 100 Mpc, while the new-generation surveys (e.g., PTF) may be able to detect them to somewhat larger distances. Among the 165 SNe IIn listed in the IAUC website, about 70 have distances below 100 Mpc. Many of these SNe were found using small telescopes which are limited by their depth. Based on the PTF experience, we estimate that not more than 20% of these SNe have sufficiently good pre-explosion observations that will allow the detection of a precursor prior to the explosion. In addition, PTF has already found 91 SNe IIn (some listed in the IAUC website), of which only a few are sufficiently nearby, and have high cadence and almost continuous observations prior to the explosion.
Thus, we conclude that up to 20 SNe IIn discovered so far have good enough pre-explosion observations to find precursor outbursts.
We note that even if we assume that all of the ∼ 250 SNe IIn discovered so far have sufficiently good observations prior to the SN explosion, this will not change our conclusion that precursor outbursts are more common, or are causally connected with the final stages of massive-star evolution.
Finally, we note that we cannot completely rule out the possibility that the SN and precursor are two unrelated events (e.g., explosions of two different stars in a star cluster).
However, we think this is an unlikely possibility given the evidences presented in this paper, including consistency of the mass-loss estimators with the properties of the outburst (luminosity and time before SN), and the small number of type-IIn SNe in which we searched for precursor events.
Theoretical determination of the precursor mass loss
The precursor is characterised by a rapid brightening of the radiative flux which is sustained at a highly super-Eddington level for a month. The relatively short time scales imply that some efficient mechanism exists to very quickly transport the flux out, even faster than convection can. The mechanism suggested by Quataert & Shiode (2012) , where the energy is transported outward by acoustic waves, offers a natural explanation. However, this mechanism can operate only in regions with a sufficiently high density. At a region where To overcome this discrepancy, it was suggested that instabilities reduce the effective opacity of super-Eddington atmospheres. This implies that a wind is accelerated only from lower-density regions where a typical scale height in the atmosphere becomes of order unity and the effective opacity returns to its microscopic value. Under these assumptions, the mass-loss was determined by Shaviv (2001) to be ∆M = W ∆T (L−L Edd )/(cv s ), where ∆T is the duration of the outburst and L is the luminosity at the base of the wind (where part of the latter is converted into mechanical energy of the mass loss). W is a dimensionless constant which depends on the geometry of the instabilities, and empirically was found to be around 3 (±0.5 dex).
We can use this expression to predict the expected mass loss from the super-Eddington precursor. To do so we have to add the mechanical energy of the wind to the observed luminosity and obtain the total luminosity at the base of the wind. The mechanical energy itself is given by L mech = ∆M/2(v Table 2 . The width of the Hα emission is decreasing significantly after the first epoch, from 3400 km s −1 to < ∼ 1000 km s −1 . In the last epoch a P-Cygni profile develops, with a velocity difference between the peak of the emission and the bottom of the absorption of over 10 4 km s −1 . The velocity of the Hα absorption component in the P-Cygni feature is marked with a 12,000 km s −1 label. The P-Cygni profile is better seen in the stretch of Figure 2 (main text). Also visible is the decrease in strength of the He I lines, presumably due to the decrease in temperature (see SI Figure 6 ). (PTF 10tel). The temperature estimate should be regarded as a lower limit, because the peak of the emission is outside the optical region and metal line blanketing can reduce the flux in the blue parts of the spectrum. The reduction in temperature is consistent with the fact that the He I lines are becoming weaker at later epochs (SI Figure 5) . We note that the best-fit temperature at day 6 (near the first spectroscopic observation) based on the broad-band Swift/UVOT and P60 photometry is about 19,000 K. The nondetection of He II lines also suggests that the temperature is not much higher than the value derived here. 
